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SUMMARY 

A carbureted four-cylinder air-cooled 0-320 DIAD Lycoming 
aircraft engine was tested to establish the effects of ambient air 
temperature and relative humidity at various fuel-air ratios on 
exnaust emissions on a per-mode basis (idle, taxi, takeoff, climb, 
and approach). The test conditions included carburetor leanout for 
each of the five modes, air temperatures of 50, 59, 80 and 100°F and 
relative humidities of 0, 30, 60, and 80%. Combinations of these 
parameters resulted in over 800 different test conditions. 

Fuel-air ratio (calculated on the dry basis) showed the 
strongest single influence on CO, HC and NO x exhaust emissions. The 
results agree well with known general characteristics of spark 
ignition piston engines operating over the same range of fuel-air 
ratio. Ambient conditions influence emissions in two ways. Change 
in air temperature and/or humidity induces a change in fuel-air ratio 
due to the variation of air density and displacement of air by water 
vapor. This results in a dependent change in emissions. In 
addition, for a constant fuel-air ratio, hot/humid ambient air 
conditions had a significant further influence on the HC and NO x 
emissions due to chemical effects on the combustion process. At a 
rich ruei-air ratio and higher air temperature and relative 
humidity, the riC emissions increased by as much as 130% in the lower 
power modes and the NO x emissions decreased by as much as 90% in the 
higher power modes; whereas the CO emissions were essentially 
independent of ambient conditions. For any fixed fuel-air ratio and 
zero humidity, higner air temperature had virtually no effect on CO, 
HC and NO x emissions in any of the test modes, except for the 20% 
increase in CO emissions in climb. 

The report is presented in two volumes. Volume I (herein) 
contains the results, plotted data, and microfiche film of the data 
..talcen at each of the individual test points. Volume II contains a 
compilation of the data taken at each of the individual test points. 

' Volume II is included on microfilm at the back of this 
volume. 


INTRODUCTION 


NASA is involved in a research and technology program aimed at 
improving general aviation engines. One major objective of the 
program is to establish and demonstrate the technology which will 
safely reduce general-aviation piston-engine exhaust emissions to 
levels consistent with the EPA 1979 emissions standards. 

One element of the above program was p joint FAA/NASA General 
Aviation Piston Engine Emissions Reduction effort. Funded studies 
have been completed by the two primary engine firms building general 
aviation piston engines: Avco-Lycoming and Teledyne-Continental. 

Each contractor tested five different engine models to 
experimentally characterize emissions and to determine the effects 
of variation in fuel-air ratio and spark timing on emissions levels 
and other operating characteristics such as cooling, misfiring, 
roughness, power, acceleration, etc. The FAA used its NAFEC 
facility to perform independent checks on each of the engines the 
contractors tested. It was recognized early in the program that the 
tests would be conducted under essentially uncontrolled induction 
air conditions at widely different geographical locations and that a 
better understanding of temperature and humidity effects would 
enhance the ability to make a correlation and better comparison of 
these data. It was also recognized that such understanding would be 
extremely useful in future emissions compliance testing. Therefore, 
NASA-Lewis Research Center has undertaken a series of aircraft 
engine tests to develop such a correlation. Two engines, models 
identical to ones in the FAA/NASA program, were selected for 
testing. The engines were: (1) Lycoming model 0-320 DIAD 

4-cylinder, naturally-aspirated carbureted engine; and (2) a 
Teledyne Continental Model TSIO-360-C. a 6-cylinder turbocharged, 
fuel injected engine. 

The exhaust emissions for the ycoming 0-320 engine over the 
EPA emissions test cycle for a range of test conditions were 
reported in Reference 1. A summary of these baseline cycle test 
results can be best described by comparing the temperature and 
humidity results at 100°F and 80 percent humidity with those at 50°F 
and no humidity, and which shows that with the increased temperature 
and humidity, CO emissions increased by a factor of 1.6, HC 
emissions increased by a factor of 2.2, and NO x emissions decreased 
by a factor of 3.5. Present-day aircraft engines do not use a 
tempertaure-density compensated fuel system. Hence, the cited 
changes in the exhaust emissions are primarily the result of 
richer-fuel-air ratios, which occur at the higher air temperatures 
and humidities. 

Ambient conditions can also effect the induction vaporization 
and basic combustion process, thereby influencing the emissions. 
Therefore, a series of tests were performed to establish these 
direct effects for different engine operating conditions (load and 
fuel/air ratio) and ambient conditions. The results are reported 
herein. This report is printed in two volumes: Volume I contains 

the plotted test results and microfiche copies of all of the 
individual test points. Volume II contains the individual data test 
points in tabular form. 


APPARATUS AND PROCEDURE 
Test Facility 

The aircraft engine is shown schematically in Figure 1 and 
photographically on the test stand in Figure 2. The engine was 
coupled to a 300 hp dynamometer through a fluid coupling in the 
drive ‘,aaft which was located under a safety shield. Engine cooling 
and induction air were bo’-h supplied by a laboratory air 
distribution system* The cooling and induction air system, as shown 
in Figure 3, can be controlled to deliver air to the engine over a 
temperature range of from 50° to 120° F and over a range of relative 
humidity from 0 co 80 percent. The cooling air was always at the 
same conditions as the induction air and was directed down over the 
engine by an air distribution hood. This hood was the same as that 
which was used by the engine manufacturer in their engine testing. 
The engine cooling air was removed from the test cell by a high 
capacity exhaust system which had the inlet located beneath the 
engine. An additional cell exhaust fan was used to maintain a 
slightly negative pressure in the test cell. This was done to vent 
off any combustible or toxic gases which may have been present in 
the test cell during engine operation. 

The engine exhaust was manifolded together in a standard 
configuration with the emission sample probe located downstream of 
the manifold. The exhaust was then ducted out of the cell through 
the roof as shown in Figure 2. Care was taken to insure that the 
exhaust system was leak-proof. A leak-proof system was necessary to 
prevent air dilution of the gas sample which would result in 
erroneous emission measurements. 

Engine Description . The 0-320 DIAD is a horizontally opposed, 
four cylinder, direct drive, air-cooled engine. The engine has a 
bore of 5.125 inches and a stroke of 3.875 inches with the resulting 
total piston displacement being 319.8 cubic inches. The compression 
ratio is 8.50:1. The engine is rated 160 bhp at 2700 rpm and 0.51 
BSFC . Fuel metering is performed by a Marvel-Schebler MA4SPA 
carburetor using grade 100/130 aviation gasoline. A carburetor 
intake air box was used to insure uniform pressure distribution 
across the throat. The carburetor was calibrated for full-rich 
operation at the factory, typical of what might be expected as the 
rich limit of production engines. The carburetor, at this 
calibration, constituted the baseline for the engine. The fuel used 
was standardized reference fuel conforming to the requirements of 
the ASTM Committee on Aviation Reference Fuels and Certification. 
Ignition was supplied by a dual Bendix magneto timed to 25° BTDC. 

The engine is further described in AVCO Lycoming Specification 
2283-C (Ref. 2). 

Engine Exhaust System. There are two major areas of 
cons iderat ion that can airfect the accuracy of emission measurements. 
These are the leak tightness of the engine exhaust system and the 
handling of the exhaust gas sample through the gas analyzer. 

In order to obtain a representative exhaust gas sample for 
emissions analysis the individual cylinder exhaust tubes were 
brought together under the engine to a common header. Allowing for 
proper mixing, the gas sample probe was located approximately 5 ft. 
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downstream in the common header. Great care was taken in the 
design, fabrication and installation of the exhaust system so that 
it would not leak air into the exhaust gas upstream of the gas 

sample probe. It was found that the combination oJ exhaust gas 

temperature and engine vibration necessitated a number of changes in 
the exhaust system before an acceptable leak proof system was 
obtained . 

Exnaust Gas Sample Handling, The criteria tor exhaust gas 
analysis were twofold. The sample had to be representative of a 
complete mixing from all cylinders and the temperature of the gas 
sample at the analyzer had to be at least 300°F. The sample line 
from the exhaust gas manifold to the gas analyzer was heated to 
300°F using an electrical tape type heater. The Scott analyzer (See 
Fig. 4) contained the following five analysis meters: 

1. Beckman Model 864 Infrared CO Analyzer 

2. Beckman Model 864 Infrared C0 2 Analyzer 

3. Scott Model 125 Chemiluminescent NO/NO x Analyzer, The 
Scott NO/NO x Analyzer was modified at NASA-Lewis as 
discussed in reference 3, 

4. Scott Model 415 Flame Ionization Detector for HC 

5. Scott Model 250 Paramagnetic »') , Detector. 

Careful daily monitoring of these sen r ' e instruments indicated a 
need for frequent adjustments. It was essary to zero and span 
calibrate these instruments with known gases at least once for each 
hour of operation. A complete console calibration was carried out 
at least once a month. 

Inst r ument at ion The engine instrumentation and con tiro' panel 
is shown in figure 5. The major measured parameters and estimated 
system accuracies for this investigation are listed below: 


Parameter 


Instrumental ion 


Accuracy 


Fuel Flow 

Induction Air Flow 
Induction Air Press. 
Cooling Air Flow 
Cooling Air Press, 
Dew Point 

Engine Torque 

Dyno. Torque 
Speed 

Exh. Gas Temp. 

Cyl. Hd. Temp. 


Hydraulic Wheatstone Bridge 
Flow Meter 

Turbine-type Flow Meter 
Absolute Transducer 
Orifice AP Transducer 
Absolute Transducer 
Temp. Controlled Mirrored 
Photoelectric Sensor 
Shaft Mounted Rotary Trans- 
former Type 
Load Cell 
Magnetic Pickup 
Chroine-Alumel Thermocouple 
Iron Constantan Thermocouple 


+ 0.5% 

+ 0 . 6 % 

+ 0.50% 
+ 1-5% 

+ 0.50% 
+ 0 , 7 ° F 

+ 0.5% 

+ 0.5% 

+ 0.25% 
+ 0.5% 

+ 0.5% 


All instrumentation was connected to the "CADDE" (Central Automatic 
Digital Data Encoder) Central Data Acquisition System and the data 
processed on an IBM 360/67 time-sharing computer. 
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TKST PROCEDURE 


The engine 
humidities were 

leanout tests 
conducted for 

at various temperatures 
the modes shown below: 

Power 

and relativ 
Time in 

Mode 

Mode Description 

Level 

Speed 

Mode 

1 


Idle-Out 


600 

1.0 min. 

2 


Tax i-Out 


1200 

11.0 min. 

3 


Takeoff 

(Full Power) 
100% 

2700 

0.3 min. 

4 


Cl imb 

80% 

2430 

5.0 min. 

5 


Approach 

40% 

2350 

6.0 min. 

6 


Taxi- In 


1200 

3.0 min. 

7 


Idle-In 


600 

1 . 0 min . 


lhese modes were divided into two distinct test operations. 

Takeoff, climb, and approach modes were run separately from the idle 
and taxi modes. in the takeoff, climb, and approach modes, cooling 
air flow was supplied across the engine at a differential pressure 
of three inches of water (approximately 2100 CFM) , Approach and 
climb mode tests were run at a constant engine power over the matrix 
of variables. Takeoff mode tests were conducted at "wide-open 
throttle position and consequently the engine power did vary at the 
various temperature, humidity and fuel-air ratio test conditions. 
Fuel flow to the engine was varied by adjusting the carburetor 
mixture control during these three modes. 

The idle and taxi modes were conducted with no cooling air flow 
over the engine. During these two modes, the fuel— air ratio was 
varied by manually adjusting the "idle mixture screw" on the 
carburetor. Idle out, taxi out, taxi in, and idle-in were run 
sequentially at one setting of the carburetor "idle mixture screw". 
If abnormally rough operation appeared due to prolonged low power 
operation, the engine speed was increased to 2000 rpm at ISO ft-lbs 
torque for "clearing". 

Emissions data was not recorded, in any of the inodes, until the 
desired temperature and relative humidity was established in the 
induction and cooling air system and the engine achieved a 
stabilized operating condition for that mode. 

Data Reduction 


The LeRC emissions data reduction procedures are as specified 
by the EPA in the Federal Register (ref. 4). Shown in figure 6 is 
the flow diagram outlining the data reduction process. Some of the 
intermediate steps used in the raw emissions data reduction which 
are not explicitly defined in the Federal Register are summarized 
below and presented in Appendix A. 

five exhaust products are measured by the emissions analyzer. 
HC and NO x are measured on a "wet" basis. The other three, CO, CO,, 
and O 2 * are measured on a "dry" basis and as a result their ^ 
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volumetric percentages must be corrected for the water removal The 
water correction factor (K w > used for this conversion is defined as: 


K w = 1 


<H 2 0) 


of e combustion ll?S Thp S ^ t0tal wal : er vapor contained in the products 

Esii‘r 

exhaus^votnm^fi Register (ref. 4) states that the total engine 
oo??nf^ Y 1 ™ tlow ra te is to be used in the computation o' the 
obtainfn ®!" 1SS1 ° n rate * Appendix A contains the procedure used in 
?he total iSL*e haUSt V F ? 1Ume flOW rate - primarily, it is based on 
e* a L h f a5S fio " rat<? and the exhaust gas density. The 
air mnL f d ,1Slty ^ calculated from the exhaust molecular weight. 

The pollutant Wel9ht ^ air denSity at 68 ° l " and 760 n,m Hg pressure, 
the Federal Reg ister°Ue?! e 4?? d ^ m ° de ' S tn6n Calcu,ated Per 

The time in mode value used in this calculation (lbs/modP 
emission rate) was stated in the test procedures. The idle out and 

al e e r _1 thf' 1S f 10 ? S /r e Pl ° tted 33 se P a rate points on the same plots 
were multiplied 1 ?,^ f ml ? Slon * values ol. lbs/mode for Doth idles 
Th P il U P ^ d by facLor oi two to normalize them to two minutes 
cycle T?e taxi'ou^ff? the total idle time of the emission till 
; lhe taxl ~ out and tax l- in emissions values of los/mode for 

m inut es X represent^ the 1 tot al° tax f 1 " time 

as'calculated VT** 

Procedure 6 (S exhaust products concentrations, the Spindt 

measured to calculated is defined as: £erence Decween the 

Percent Difference - Ca lculated fuel-air ratio - Measured fuel-a ir ra 

Measured fuel-air ratio 

DATA AND RESULTS 

fts mantiored pre’iously, higher arr temperature and humidities 

*I£KiriS£"*m "If*’ '*> by increasing the 

The tpqhq Hpcrri i irectly , by modifying the combustion process, 
effort? deSCribed herein were Performed to establish the latt'r 

The leanout emissions data were taken 
of temperature and relative humidity: 


for the following values 


Air temperature, °F: 
Relative humidity, %: 


50, 

0, 


59, 

30, 


80, 

60, 


100 

80 


^ovjaai l 
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Combinations of the above temperatures and humidities at 
van ous fuel-air ratios for the five modes tested (idle, taxi, 
takeoff, climb and approach) resulted in over 800 test conditions. 

Comparison of Emissions Data Generated 
at the Two Extreme Test Conditions 


The modal leanout exhaust emissions obtained at the two extreme 
ambient test conditions (50°F; 0% relative humidity and 100°F, 80% 
relative humidity) are compared in Figures 7a through 7o. 

The CO, HC and NO x emissions (Ib/mode) are shown on the 
respective figures as solid lines for the 50°F, 0% relative humidity 
and as broken lines for the 100°F, 80% relative humidity over the 
various fuel-air ratios tested. At any one fuel-air ratio, the 
difference in the emissions values between the solid and broken 
lines represents ambient conditions direct effect on the emissions. 

The two extreme ambient test condition effects on CO emissions 
are shown in figure 7a-e for each of the five engine test modes and 
various fuel-air ratios. The CO emissions showed some increase at 
the 100°F, 80% relative humidity condition in ail the modes except 
takeoff. The takeoff mode (fig. 7c) shows a slight decrease in CO 
emissions. Figure 7f-7j are plots of HC emissions for each of the 
five test modes. The HC emissions were higher at the 100°F, 80% 
relative humidity conditions in all the modes except takeoff. The 
takeoff mode (fig. 7h) shows that the HC emissions were lower at the 
richer fuel-air ratio and higher in the leaner fuel-air ratio at the 
100°F, 80% relative humidity as compared to the 50°F, 0% relative 
humidity test condition. The emissions in lbs/mode are directly 
related to the total mass flow through the engine (Appendix A). 
Therefore the decrease in emissions (CO and HC) in takeoff as 
temperature and humidity increases is in part attributed to the 
lower mass flow rate due to the elevated air temperatures at wide 
open throttle conditions. 

The NO x emissions (fig. 7k-7o) versus fuel-air ratio show a 
decreased in NO x emissions at the 100°F, 80% relative humidity for 
all the modes and all fuel-air ratios tested. This decrease in NO x 
emissions was more pronounced at leaner fuel-air ratios. 

The data from figures 7a - 7o was used to quantify the 
variation in emissions (expressed as a % difference) as ambient 
conditions are changed from cool, dry to hot, moist and is presented 
as a function of engine operating mode and fuel-air ratio (figs. 
8-10). For CO emissions (fig. 8) the climb mode had the largest 
percent difference with an increase of over 40% occurring at a 
fuel-air ratio of .07. The only mode showing a decrease in CO 
emissions was the takeoff mode. It showed a negative percent 
difference of 16% at a fuel-air ratio of .085. 

The percent difference in HC emissions are shown m figure 9. 
The idle and taxi modes showed increases of over 130 percent 
difference in HC emissions at rich fuel-air ratios. The percent 
difference in HC at the approach mode showed the least sensitivity 
to fuel-air ratio. Again, only the takeoff mode resulted in 
negative percent differences of HC emissions. This occurred between 
fuel-air ratio of .080 - .085. 
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Figure 10 shows that the largest decrease in NO x emissions as 
ambient conditions changed from cool, dry to hot, moist was obtained 
in the climb mode. It showed a fairly constant reduction of about 
90% over all the fuel-air ratios tested. The taxi mode was also 
fairly insensitive to fuel/air reduction ratio. The other modes 
were strongly effected by fuel/air ratio, and of course, all five 
modes consistently exhibit negative percent differences. 

Effects of Humidity on M odal Emissions at 
Four Temperatures 

For the convenience of those having a further interest in 
ambient effects on emissions, the following sixty figures contain 
the emissions test data of over 800 test points. Figures 11 through 
14 are divided into four sets by the inlet air temperatures of 50, 
59, 80 and 100°F with relative humidities of 0,30,60 and 80%. Each 
set contains fifteen figures lettered "a through o" which show the 
lbs/mode of CO, HC and NO x emissions at one temperature and four 
relative humidities for each of the five engine test mode conditions 
and at the fuel-air ratios tested. 

All of the figures (11 through 14) each contain a list of the 
reading numbers of the test data plotted. The test data are divided 
into groups of identical ambient conditions with a symbol to the 
right of each group. The symbol not only defines the specific 
ambient test condition but also represents the emission value point 
plotted on the figure. 

The CO emission appeared to be insensitive to humidity at each 
of the tested temperatures. At the lower air temperature of 50°F 
and 59QF, relative humidity had essentially no effect on the HC and 
NO x emissions. The bulk of the effect of relative humidity on HC 
and NO x emissions occur at the higher temperature. 

Effects of Air Temperature for 
Zero Humidity Modal Emissions 

To evaluate if temperature alone had any effect on emissions a 
comparison was made between the (fig. 11 and 14) emissions at 50°F 
and 100 F air temperature at 0% humidity. Air temperature had 
little effect on the formation of CO emissions for any given 
fuel-air ratio in the idle, taxi, takeoff and approach modes. In 
the climb mode, the test 6?ta results showed a constant 20% increase 
m CO emissions over the fuel-air ratios tested. The effect of air 
temperature on the formation of HC and NO x emissions for the five 
test modes at any of the fuel-air ratios was insignificant. 

Comparison of Modal Emissions 

The variation in the mode time, exhaust volume flow, and the 
engine combustion process which occur throughout the EPA cycle, 
result in substantial differences in the contributions by mode to 
the total cycle emissions. Mode lean-out curves for the three 
emissions (CO, HC and NO x ) are graphically shown in figures 15-17 
for 59 F air temperature and 60% relative humidity. (The EPA 
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expressed in lb/mode°versus E f uel-air^ ^rat io P f ays ° ne ? f the emissions 
engine operation k fuel-air ratio for the five modes of 

approach, and tail modes are thTh'Ighelt 

Comparison of Co nstructed Mod al Cycle 
and baseline Cycle Emissions 1 

from the 

test results (obtained from ref 7= eh* base l lne ful1 rich cycle 
fuel-air ratio values corresSin ^ f Sh ° Wn fi 9 ure 18. Modal 
rich cycle were used in t-ho ^ d * ng tnose of the baseline full 

the range of temperatures and hm^-r 0 " ° f the cycle emissions over 
emissions result?? Tn a ^ eS ' The com P aris o" of the CO 
difference ranging from +8 to -13 V percent ^^t^he l ,lth percent 
operating temperatures of 50, 59 and 80 ° p Za * he three 

humidities the percent differonp £ d 80 F and for a11 four of the 
b«elr„. cycle HC *» d 

4 

largest percent difference occurred th t The 

very low NO x values were apnprahoH ne ^? st condl tion in which 

probably related to compuHng Perc4nt dilf.^n P °° r agreement is 
having experimental inaccuracies Overall hT 6S ° f ? ma11 values 

S°L n s 

Sed^K? " eth ° a f ° r * SBeSSin ’ *»»««? o?“l?L?erj a 'i a 


CONCLUDING REMARKS 

a ircraft a engine e waf° tested ^^establish 1 the° fuel'? IAD Lyc ° ming 

emissions? condlSs^i^I d"d hUmidity 

air temperatures and four valuer "S lud f d carburetor leanout at four 

temperature for eaCh If IZ' f ^relative humidity at each 

The following conclusions are ^fsfd t engine operating modes. 

plots thereof presented" in 3 the^report? th “ dat3 ° btained and th *‘ ‘ 

ratio curves 6 for a h given f mode is'consiSr N ? x * m i ssions vs. fuel-air 
emission characteristic? for svtZ ^ Wel1 known ^neral 

these curves, it is aJparSt that Zl ° n piston en 9 ines - from 
influenced by f uel-a i? P ra t io I? ???? XhaUS u en ) lsslon s are strongly 

air conditions which affect hot/humid ambient inlet 

combustion process arf llZ «< d -?- 10n vaporization and basic 

emissions. *11 a fZi-lir ■ influencin 9 the 

and relat ive humid ities , "the^C emissio^i ?~ 9her ^ temperatures 
130% and the NO x emissions i " S increased by as much as 
modes. x emisslons decreased by as much as 90% in certain 
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Lean out curves for each of the emissions illustrated that the 
climb mode followed by the approach mode were the largest 
contributors of the CO and NG^ to the EPA cycle emissions, whereas 
the taxi mode was the largest contributor of the HC emissions. The 
comparison of the EPA cycle emissions (ref. 1) to the constructed 
seven mode cycle data resulted in reasonably good agreement. Thus, 
leanout data from these curves can be used to construct optimum 
cycle based on leaner fuel schedules and thereby provide a quick and 
simple method for assessing the benefits of tailored fuel schedules. 

The results reported herein are based on tests conducted on one 
carbureted naturally-aspirated engine. A Continental turbocharged 
and fuel- injected TSIO-360-C engine has been investigated over the 
same range of test conditions as the Lycoming engine described 
herein. A least-squares regression technique of the data from each 
engine is being planned to study generalized representation of 
engine emission trends for ambient condition. 
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APPENDIX A 


INTERMEDIATE EQUATIONS USED IN THE RAW 


EMISSIONS DATA REDUCTION 


fSd^S JhTSSS; Regis ter?^ ati ° nS " hi0h “ e “ de- 


A air flow, lb/hr 

Ar argon 

a moles of air 


SYMBOLS 


c e H b molecular formula of the fuel 
c mass fraction of carbon in the fuel 
D density of exhaust products, lb/ft 3 

E exhaust molecular weight, lb/(lb“mole) 

F fuel flow, lb/hr 
f moles of fuel 

h mass fraction of hydrogen in fuel 

M molecular weight of air, 28.96 lb/ (lb-mole) 
mole fraction of the compound n 
P equals (CO) + (CO 2 )/[(C0) + (C0 2 ) + (HC) ] 

Q equals (0 2 )/(C0 2 ) 

R equals (C0)/(C0 2 ) 

V exhaust volume flow rate, ft 3 /hr 

W water flow rate, lb/hr 

P density of air at 68° F and 760 mm Hg pressure, 0.075 lb/ft 3 
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Subscripts: 

number of hydrogen atoms in one molecule of. t U el 
d measur ^ on the "dry- basis water removed 

number of carbon atoms in one molecule of fuel 
id ntifies the individual constituent fraction 


water Correction Factor 

written a g^ enucal reactlon including water vapor in the air may be 

fC e H b + a(0 2 + 3.72744 N 2 + 0.04451 A r ) 

+ wH 2 0 + mi H 2 0 + m 2 C0 2 + m 3 CO + m 4 NO + m 5 0 2 
+ m 6 HC + m ? H 2 + m 8 N 2 + mgAr 
-n oxygen balance results in equation ( 1 ). 

mx = 2a + w - 2 m 2 - m 3 - m 4 - 2 m 5 {1) 

A carbon balance results in equation (2) . 

f = m 2 + + 

e (2) 

The fuel-air mass ratio may be defined as 

E _ f (12 . 01 e + 1.008 hi 

A a (138. 2689) (3) 

The water - dry air mass ratio may be defined as 

H „ w (18 . 016) 

A a (138. 268"9T (4) 

Substituting equations ,2, to ,4) into equation a, uni te,„,„ 5 i„g 

siq = ( 2.0 + 7.67473 * m 2 + m 3 + n> 6 ) ( 12.01 + 1.008 

138. 26 8<Tf 
A 


-2m 2 - m 3 - m 4 - 2m 5 


^ J 4 ‘**“5 \ D ) 
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(H 2 0) = ( 2.0 + 7.67478 | ) 


(C0 2 ) + (CO) + (HC) (l2 . 01 + 1.008 


138.2648 

A 


-2(C0 2 ) - (CO) - (NO) - 2(0 2 ) (6) 

The above equation (6) , represents the total water vapor contained 
in the products of combustion with each constituent measured on a 
wet' basis. Since CO, C0 2 , and 0 2 are measured dry and since the 
water correction factor is defined as 


K*, = 1.0 - (H 2 0) (7) 

equation (6) may be written in terms of dry measurements as 


H2O 


(H 2 0) 


(2.0 + 7.67478 

r [ <c °2>d + 1 -"m 2 o;] [( 12 - 


01 + 1.008 


138.2648 f 
A 



- 2(C0 2 ) - (CO) ( 


NO 

1 - (H 0 0) 


- 2(0 2 ) d (8) 


The solution to equation (8) for H 2 0 is an iteration process since 
HC and NO are measured wet. The water correction factor is then 
calculated using equation (7) . 


II. Exhaust Volume Flow Rate 


The exhaust volume flow rate can be equated as: 

V = A + W + F 
D 


The exhaust density can be expressed as 


D 


PXE 

M 


Figure A1 shows the relation between the exhaust molecular 
weight and F/A ratio obtained from "computer program for calcula- 
tion of complex chemical equilibrium composition” NASA SP-273 
(ref. 6) . The pollution production rate is then calculated as 
specified in the Federal Register (ref. 4) . 
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Ill- Fuel Air Ratio Based on Exhaust Gas Components 
and Procedure of Spindt (ref. 5) 

The F/A ratio can be expressed as: 
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APPENDIX B 


TEST DATA 

The data from individual test points , which were taken on a 
carbureted, four-cylinder, 0-320 DIAD Lycoming light-aircraft 
engine, have been microfilmed and are contained in the pocket at 
the back of this volume. These data points represent all of the 
environmental and engine conditions tested in the individual seven 
modes in the EPA emissions test cycle as discussed in Volume I. 

The test data presented herein, representing over 800 data points 
(readings), were taken at air temperatures of 50°, 59°, 80°, and 
100° F at values of 0, 30, 60, and 80 percent relative humidity 
over a range of fuel-air ratios from 0.06 to 0.113. The data 
points included in this appendix are all of those for which the 
exhaust emissions are plotted on a per-mode basis in yolume I of 
this report. Data point reading number listings are included in 
tabular form for each series of test conditions and the data 
symbols which were used for the curves plotted in Volume I. 

Because of the large number of data points, the data points are 
arranged numerically by reading number for easy reference. 
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